In this study, we investigated the effects of tetrabutylammonium hydrogen sulphate (Bu 4 NHSO 4 ) on the solute-solute and solute-solvent interactions in the aqueous solutions of nicotinic acid in terms of the apparent molar volumes (φ V ), standard partial molar volumes ( 0 V ϕ ) and viscosity B-coefficients at 298.15, 308.15 and 318.15 K under ambient pressure. These interactions are further discussed in terms of ion-dipolar, hydrophobic-hydrophobic, hydrophilic-hydrophobic group interactions. The activation parameters of viscous flow for Bu 4 NHSO 4 in the aqueous solutions of nicotinic acid are discussed in terms of the transition state theory. The overall results indicated that ion-hydrophilic and hydrophilic-hydrophilic group interactions are predominant in aqueous solutions of nicotinic acid and that Bu 4 NHSO 4 has a dehydration effect on hydrated nicotinic acid.
INTRODUCTION
Nicotinic acid has gained huge attention over the years since it was synthesised in 1867 by Huber. 1 This is because of its versatility in terms of chemical, biochemical and therapeutic applications. 1 This derivative of pyridine has the molecular formula C 6 H 5 NO 2 with a carboxyl group (-COOH) at the 3-position and it is sometimes called niacin or vitamin B 3 in combination with nicotinamide. 2, 3 It is a colourless, water-soluble compound and it can be converted to nicotinamide adenine dinucleotide (NAD + ) and nicotinamide adenine dinucleotide phosphate (NADP + ) in vivo in pharmacological doses. It reverses atherosclerosis by reducing the total cholesterol, triglycerides and lipoproteins. It also plays a crucial role in both repairing DNA and in the production of steroid hormones in the adrenal gland. Hence, it finds widespread application as an additive in food, forage and cosmetics. 4, 5 1226 SARKAR and SINHA Many effective components of drugs are weak organic electrolytes and their degree of dissociation is determined mainly by the media, especially aqueous medium since biochemical actions generally occur in the aqueous phase. In pharmaceutical techniques, materials of pharmaceutical aids are usually introduced to enhance the bioavailability of the drugs. The effects of the composition of the solvent on the dissociation and diffusion of drugs are therefore crucial. It has also been found that salt concentration has large effects on vitamins, such as on their solubilities, stabilities and biological activities in different manners. The behaviour of vitamins in solution phase is governed by a combination of many specific interactions, namely ion-dipolar, hydrophobic-hydrophobic and hydrophilic--hydrophobic group interactions. Tetra-alkylammonium salts are bulky in nature and are known to orient water molecules around themselves depending on their alkyl chain lengths. 6, 7 Therefore, aqueous solutions of symmetrical tetra-alkylammonium cations (R 4 N + ) are considered to provide model systems for the study of hydrophobic hydration 8 and salts such as tetrabutylammonium hydrogen sulphate (Bu 4 NHSO 4 ) can provide better information about the effects of electrostatic, hydrophilic and hydrophobic interactions on the stabilities of vitamins, because such salts can influence the macromolecular conformations by affecting inter and intra charge-charge interactions and hydrophobic interactions.
Although extensive studies [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] are available on various properties of nicotinic acid in solution phase, a study on solution thermodynamics of aqueous solution of nicotinic acid in presence of Bu 4 NHSO 4 is not available in the literature. Hence, in this work, the effects of Bu 4 NHSO 4 on the solute-solute, solute-cosolute and solute-solvent or co-solute-solvent interactions in the aqueous solution of nicotinic acid were studied in terms of apparent molar volumes (φ V ), standard partial molar volumes ( 0 V ϕ ) and viscosity B-coefficients as a function of concentrations of Bu 4 NHSO 4 and nicotinic acid in aqueous solution at 298.15, 308.15 and 318.15 K under ambient pressure.
EXPERIMENTAL

Materials
Nicotinic acid (Sigma Aldrich, USA, mass fraction purity > 99.5 %,) and Bu 4 NHSO 4 (S. D. Fine Chemicals, India, mass fraction purity > 98.5 %) were used in the present study. Deionized, doubly distilled, degassed water with a specific conductance of 1×10 -6 S cm -1 was used for the preparation of all aqueous solutions. Nicotinic acid was used as received from the vendor and its melting point was found to be 236.5 °C. The physical properties of different aqueous solutions of nicotinic acid are reported in Table S-I of the Supplementary material to this paper. No comparable literature data were found on the densities (ρ 0 ) and viscosities (η 0 ) for aqueous solutions of nicotinic acid (used as solvents) in this work. Bu 4 NHSO 4 was purified by dissolving it in 1:1 (v/v) mixture of methanol and ethanol and recrystallized from diethyl ether. After filtration, the salt was dried in vacuo for few hours and its melting point was measured to be 171.5 °C. Stock solutions of Bu 4 NHSO 4 in different aqueous solutions of nicotinic acid were prepared by mass and then further diluted to obtain different working NICOTINIC ACID-TETRABUTYLAMMONIUM HYDROGEN SULPHATE AQUEOUS SOLUTIONS 1227 solutions. The pH of the working solutions decreased from 3.33-2.32 as the concentration of Bu 4 NHSO 4 increased from 0.005-0.020 mol dm -3 . Molalities (m) were converted into molarities (c) using experimental densities. All solutions are prepared fresh before use and adequate precautions were taken to avoid evaporation losses during the measurements. The uncertainty in the molarity of the Bu 4 NHSO 4 solutions was evaluated to be within ±0.0001 mol dm -3 .
Methods
The mass measurements were realised on a digital electronic analytical balance (Mettler, AG 285, Switzerland) with a precision of ±0.01 mg. The densities were measured with a vibrating-tube density meter (Anton Paar DMA 4500M), which was maintained at ±0.01 K of the desired temperature and calibrated with doubly distilled water and dry air. The uncertainty in the density was estimated to be ±0.0001 g cm -3 . The viscosities were measured by means of a suspended Ubbelohde type viscometer, which was calibrated at the experimental temperature with doubly distilled water and purified methanol. A thoroughly cleaned and perfectly dried viscometer (filled with the experimental solution) was placed vertically in a glass-walled thermostat maintained at ±0.01 K of the desired temperature. After attainment of thermal equilibrium, efflux times of flow were recorded with a digital stopwatch that measured time correct to ±0.01 s. At least three repetitions of each data (reproducible to ±0.02 s) were taken to average the flow times. Based on previous work on several pure liquids, the precision of the viscosity measurements was evaluated to be within ±0.003 mPa s and the total uncertainty in the viscosity measurements was 0.05 %. Details of the methods and techniques of the density and viscosity measurements were described elsewhere. [20] [21] [22] The absorption spectra were recorded on JascoV-530 double beam UV-Vis spectrophotometer (coupled with a thermostatic arrangement) at ambient temperature using a quartz cell of 1 cm path length. Doubly distilled water was used as the reference solvent for the spectroscopic measurements. The melting points of the solid solutes were determined by the open capillary method. The pH values of the working solutions were measured with a Systronics MK-VI 5631 digital pH meter, which had been calibrated with a commercially available buffer capsule (Merck, India) of pH 4.00 at 298.15 K before the readings were taken.
RESULTS AND DISCUSSION
The apparent molar volumes (φ V ) of Bu 4 NHSO 4 in different aqueous solutions of nicotinic acid were determined from the solution densities using the following equation: 23
where M and c are the molar mass and molarity of Bu 4 NHSO 4 in the aqueous solutions of nicotinic acid; ρ 0 and ρ are the densities of the solvent and the solution, respectively. The experimental densities (ρ), viscosities (η) and derived parameters at 298.15, 308.15 and 318.15 K are reported in Table S-II of Apparent molar volumes (φ V ) and densities (ρ) were used to derive the apparent molar expansibilities (φ E ) of nicotinic acid solutions by using the relation: 28
where α and α 0 are the coefficients of isobaric thermal expansion of the solvent and solution, respectively and the other symbols have their usual significances. The coefficients α and α 0 are defined as: α = -ρ 0 -1 (dρ 0 /dT) P and α 0 = -ρ -1 (dρ/dT) P , respectively.
The uncertainty of α and α 0 values was ±5×10 -6 K -1 . The uncertainty of apparent molar expansibilities (φ E ) was within ±0.001×10 -6 m 3 mol -1 K -1 . The partial molar expansibilities ( 0 E ϕ ) were derived from the relation: 28
The 0 E ϕ values for the experimental solutions at different temperatures are reported in Table II , from which it could be seen that the 0 E ϕ values are negative and further decrease with increasing temperature and nicotinic acid concentration. caused by the addition of nicotinic acid or to the appearance of caging or packing effects. 29, 30 However, such effects gradually decrease and lead to the release of solvated H 2 O molecules in favour of the bulk water structure. Thus, the volume of the solution decreases and the density increases, as given in Table S-II of Table II , it is evident that Bu 4 NHSO 4 acts as a mild structure maker and its structure making ability decreases to some extent with increasing nicotinic acid concentrations in the studied solutions. 
where η r = η/η 0 is the relative viscosity; η 0 and η are the viscosities of solvent and solution, respectively. A and B are two adjustable parameters that are obtained by a least squares analysis and are reported in Table III . The viscosity B-coefficient 42 reflects the effects of solute-solvent interactions on the solution viscosity and provides information about the solvation of a solute and the structure of the solvent in the local vicinity of the solute molecules. Table III shows that the viscosity B-coefficients for Bu 4 NHSO 4 in the studied solvent systems were positive and thus suggest the presence of strong solute-solvent interactions in the studies solutions. These interactions further increase when both the molarity of Bu 4 NHSO 4 in the ternary solutions and the temperature increase. The ΔB values are depicted in Fig. 2 as a function of the molarity of nicotinic acid in the aqueous solutions and they support the results obtained from the The entropy of activation for viscous flow per mole of the solute in the ternary solutions (ΔS 2 * ) can be obtained from the negative slope of the plots of Δμ 2 * against T:
and the activation enthalpy for viscous flow (ΔH 2 * ) can be obtained from the relation: Table IV , from which it can be seen that the Δμ 1 * values are almost invariant of the solvent composition and temperature, implying also that the * values were found to be positive at all the experimental temperatures and decreased with increasing temperature and increased with increasing nicotinic acid concentration in the ternary solutions. Such trends suggest that the viscous flow process becomes more difficult with increasing nicotinic acid concentration in the solutions but becomes favourable at higher temperatures. Hence the formation of the transition state becomes less favourable in the presence of nicotinic acid but becomes somewhat more favourable at higher temperatures. The (Δμ 2 * -Δμ 1 * ) deviations reflect the change in the activation energy per mole of solute when one mole of the solvent is replaced by one mole of the solute at infinite dilution. Hence according to Feakins et al., 43 for solutes with positive ΔS 2 * , ΔH 2 * and viscosity B-coefficients, Δμ 2 * > Δμ 1 * indicates stronger solute-solvent interactions and thus suggests that the formation of the transition state is accompanied by the rupture and distortion of the intermolecular forces in the solvent structure. 43 The greater the value of Δμ 2 * , the greater is the structure-promoting tendency of a solute and the higher values of Δμ 2 * for Bu 4 NHSO 4 in the ternary solutions when compared to those in the aqueous binary solutions suggest that Bu 4 NHSO 4 is a better structure promoter for the ternary mixtures than for aqueous binary solutions. Although a detailed mechanism for the formation of such a transition state cannot be easily advanced, it may be suggested that the viscous process is endothermic (positive ΔH 2 * values) and the slip-plane is in an ordered state (positive ΔS 2 * values) and involves a centro-symmetric region. 43, 44 4 is a net structure promoter in the studied aqueous solutions and it has a dehydration effect on hydrated nicotinic acid.
SUPPLEMENTARY MATERIAL
The physical properties of different aqueous solutions of nicotinic acid and experimental densities, viscosities along with derived parameters at the experimental temperatures (listed in Tables S-I and S-II) are available electronically from http://www.shd.org.rs/JSCS/ or from the author on request.
